Apoptosis is a form of programmed cell death (PCD) characterized by morphological changes and stereotypical DNA degradation described as a nucleosomal`ladder'. However, nucleosomal ladders have only been clearly demonstrated in vertebrate tissues when large numbers of cells die in synchrony. Their absence may be explained by asynchronous death under physiological conditions, or by distinct molecular mechanisms. In this study, nucleosomal ladders were revealed by a ligation-mediated polymerase chain reaction (LMPCR), that amplifies DNA fragments with blunt, 5' phosphorylated ends. Numerous tissues from different organisms were examined which demonstrated that nucleosomal ladders (a) accompany physiological cell death in mammalian tissues where previously DNA fragmentation has not been detected; (b) are produced during invertebrate cell death; (c) are invariably generated via the production of blunt, 5' phosphorylated double strand breaks. These results suggest that PCD in multicellular organisms consistently involves apoptotic mechanisms and that the endonuclease activity is evolutionarily conserved.
Introduction
A feature common to virtually all developing, multicellular systems is the elimination of a fraction of specific cell populations through the operation of PCD. PCD is a controlled process by which cells are eliminated in response to activation of an intrinsic program (Lockshin, 1991) . Apoptosis is one form of PCD that can be recognized morphologically by plasma membrane blebbing, nucleolar breakdown and condensation of chromatin (Kerr et al, 1972; Wyllie, 1980 Wyllie, , 1981 . Associated with the loss of nuclear integrity is the endogenous, internucleosomal cleavage of genomic DNA (Wyllie, 1980; Wyllie and Morris 1982; Arends et al, 1990) . The resulting oligonucleosome-sized DNA fragments (n6200 bp), when visualized by gel electrophoresis, are described as a`nucleosomal ladder', and have become a widely accepted biochemical hallmark of apoptotic cell death (Wyllie et al, 1984; Kerr and Harmen, 1991) . However, to date, nucleosomal ladders have only been demonstrated in a limited number of examples of apoptosis where large numbers of cells undergo cell death in synchrony, either in response to a hormone or following pharmacological manipulation (for example in Wyllie, 1980; Alles and Sullik 1989; Rotello et al, 1989; Wood et al, 1993) . Moreover, there are several reports where cells appear to die by apoptosis according to morphological criteria, but do not appear to cleave their DNA (Lockshin and Zakeri, 1991; Barres et al, 1992; Oberhammer et al, 1992) . It has further been suggested that high molecular weight DNA cleavage, in the complete absence of ladder formation, may be sufficient for apoptosis to proceed normally (Cohen et al, 1992; Collins et al, 1992 , Oberhammer et al, 1993 . Hence, the correlation between apoptotic cell death and degradation of DNA into nucleosomal ladders has yet to be demonstrated unequivocally.
We have examined the nature of DNA ends generated during apoptosis in the model system of T-cell selection in the mammalian thymus (Surh and Sprent, 1994) . Nucleosomal ladders were found to be amplified by a modified ligation-mediated polymerase chain reaction (LMPCR) that selectively amplifies DNA fragments with blunt, 5' phosphorylated ends (Mueller and Wold, 1989; Schlissel et al, 1993) . LMPCR was further shown to detect nucleosomal ladders in other well-established models of apoptotic cell death, including dexamethasone treatment of the mammalian thymus in vivo (Wyllie, 1980) and following induction of apoptosis by UV irradiation of neural cells in vitro (Caelles et al, 1994) . LMPCR that specifically identifies 5' phosphorylated, blunt DNA ends therefore appears to amplify selectively the DNA fragmentation characteristic of apoptotic cell death. We used this LMPCR technique to investigate the presence of apoptotic mechanisms in several developing systems in which cell death has been described as apoptotic according to morphological criteria, but where nucleosomal ladders have not been previously described. These include insect models of PCD, loss of neurons in the developing nervous system of Drosophila melanogaster embryos (Abrams et al, 1993; Steller and Grether, 1994) and the degeneration of intersegmental muscles (ISM) in Manduca sexta following eclosion Truman, 1983, Schwartz et al, 1993) . The developing mammalian cortex was also examined by LMPCR on account of previous reports of PCD in the postnatal period (Finlay and Slattery, 1983; Chun and Shatz, 1989; Ferrer et al, 1992 Ferrer et al, , 1994 . LMPCR reveals the presence of nucleosomal ladders in all these cases indicating that mechanisms characteristic of apoptosis do indeed operate in these diverse examples of developmental PCD.
Results
LMPCR detects nucleosomal DNA fragmentation in the untreated mammalian thymus A modified LMPCR was used to investigate the nature of DNA ends generated by endonuclease activity in vivo, using T-cell development in the normal mouse thymus as a model of apoptosis (Shortman et al, 1990) . A partially double-stranded oligonucleotide linker was first ligated to purified genomic DNA. The unphosphorylated structure of the linker ensured its ligation in a single orientation to 5' phosphorylated DNA with compatible ends (shown for blunt-end linkers in Figure 1a ). The ligated DNA was then treated with Taq polymerase to fill in 5' protruding ends. This step allowed the 24 bp linker oligonucleotide to be used as primer in subsequent PCR, and resulted in the exponential amplification of DNA fragments with linkers at both ends ( Figure 1a) .
The use of blunt-end linkers in LMPCR resulted in the selective amplification of nucleosomal ladders from normal thymic DNA (Figure 1b) , while the use of linkers with various 5' overhangs did not result in DNA amplification (data not shown; see Materials and methods). Detection of ladders was dependent on blunt-end linker ligation, since (a) no DNA fragments were detected when parallel reactions omitted T4 DNA ligase ( Figure 1b) ; (b) following ligation and PCR amplification the size of the nucleosomal ladder fragments increased slightly, consistent with the addition of linker 24 bp oligonucleotides at each DNA end ( Figure 3a) ; (c) sequencing of cloned LMPCR fragments identified linker oligonucleotides at both 5' ends (data not shown). In contrast, other methods used to visualize thymic genomic DNA could not distinguish nucleosomal ladders from a diffuse smear of multiple-sized fragments ( Figure  1c ). These methods included standard ethidium bromide staining and Southern blot analysis of electrophoresed DNA, as well as autoradiographic detection of DNA isolated from tissue sections labeled by ISEL+ (Blaschke et al, 1996) and 3' end labeling of extracted DNA (Tilly, 1991, Figure 1 LMPCR analysis of DNA fragmentation in the mouse thymus. (a) Schematic diagram of the LMPCR assay using oligonucleotide linkers with blunt ends. Blunt, 5' phosphorylated fragments within purified genomic DNA (black boxes) were ligated to linkers, consisting of a 24 bp oligonucleotide (open box) and a complementary 12 bp oligonucleotide (shaded box), which formed the blunt end. Heating the ligated DNA to 728C removed the 12 bp oligonucleotides, and subsequent treatment with Taq polymerase filled in 5' protruding ends. This step enabled the 24 bp oligonucleotide to be used as a PCR primer, and resulted in the selective amplification of DNA fragments with linkers at both ends. (b) LMPCR detection of nucleosomal ladders in the normal thymus. Following blunt-end linker ligation, oligonucleosomal sized fragments were detected in normal thymic DNA (150 ng per 100 ml PCR reaction) after 26 cycles of PCR (lane 2). There was no DNA amplification following PCR of equivalent amounts of control ligation reactions that omitted ligase (lane 3). Lane 1 contains BstEII digested l phage DNA as a molecular weight marker (MW). (c) Nucleosomal ladders were not distinguishable using standard techniques of visualizing DNA fragmentation: gel electrophoresed thymic DNA (1 mg) appeared as a diffuse smear following either ethidium bromide staining (lane 4), or Southern blot hybridization to 32 P-labeled genomic DNA (lane 5). Autoradiographic detection of ISEL+ labeled DNA (Blaschke et al, 1996) also appeared as a smear at lower molecular weight (lane 6).
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). These results demonstrate that despite extensive cell death in thymic tissue, only LMPCR detects unequivocal nucleosomal ladders.
Nucleosomal DNA fragments are blunt and 5' phosphorylated
To determine whether the majority of nucleosomal DNA fragments were blunt and 5' phosphorylated, thymic genomic DNA was treated with either Klenow enzyme (the large fragment of E.coli DNA polymerase I), T4 DNA polymerase or T4 polynucleotide kinase to enable linkerligation and subsequent PCR of DNA fragments with nonphosphorylated, or non-blunt ends. If a significant proportion of DNA fragments were not blunt and 5' phosphorylated, these enzyme treatments would significantly alter the LMPCR amplification of nucleosomal ladders to result in their detection after fewer cycles of PCR. However, filling in 5' overhangs with Klenow enzyme or kinasing them with T4 polynucleotide kinase was without observable effect, while the combination of filling-in 5' overhangs and removing 3' overhangs with T4 polymerase slightly increased the amplification of ladders (Figure 2a , lanes 6 and 7), resulting in detection 1 ± 2 PCR cycles earlier.
Control experiments in which restriction fragments of the plasmid Bluescript (pBS) were pre-treated with these enzymes confirmed that the Klenow, T4 polymerase, and T4 kinase were active in these experiments (Figure 2b ; see Materials and Methods). These results indicate that the majority of the nucleosomal-sized fragments generated in the normal mammalian thymus have 5' phosphorylated blunt ends. The absolute number of fragments with these ends could not be determined because LMPCR is semiquantitative.
LMPCR detects nucleosomal DNA fragmentation following induction of apoptosis
To confirm that the nucleosomal ladders detected by LMPCR were derived from apoptotic cells, the LMPCR technique was used to examine two well-established models of apoptosis where nucleosomal ladders have been detected by standard methods, the dexamethasone-treated thymus in vivo (Wyllie, 1980) and UV irradiation induced cell death in vitro (Caelles et al, 1994) (Figure 3) . Dexamethasone treatment produced a striking increase in the amount of amplified ladders, as demonstrated by their detection 10 PCR cycles earlier than from normal thymic DNA (Figure 3a ). This increase in ladder amplification directly correlated with the extent of thymocyte cell death revealed by ISEL+ labeling of fragmented DNA (Blaschke et al, 1996; Figure 3b and c) . Similarly, after 24 cycles of PCR, nucleosomal ladders were detected following UV irradiation of P19 cells, while ladders were barely visible in genomic DNA derived from control cells (Figure 3d ). The control PCR for the murine en-2 gene confirmed that equivalent amounts of genomic DNA (150 ng per 100 ml PCR reaction) were used in each LMPCR assay. All ligation reactions were performed under identical conditions, and differences in the quantity of DNA fragments compensated by the addition of a vast molar excess of blunt-end linker. Furthermore LMPCR analysis of a control, blunt-end 424 bp DNA fragment, showed linear amplification over a range of 0.02 ± 5 ng of DNA (Figure 3c ), thus demonstrating a direct relationship between the amount of input DNA and the amount of LMPCR product. These observations of increased amplification of nucleosomal ladders following induction of apoptosis both in vivo and in vitro, provide evidence that the DNA fragmentation detected by LMPCR is indeed derived from apoptotic cells.
LMPCR reveals differences in nucleosomal DNA fragmentation in adult tissues
LMPCR was used to analyze genomic DNA from normal adult BALB/c mouse tissues including thymus, spleen, liver, kidney, intestine, ovary, testes and brain, all of which undergo varying The enzymes used in these experiments showed the expected activity in parallel reactions pre-treating control fragments of pBS. Klenow enzyme was shown to fill in the 5' overhang on PvuII ± BamHI pBS fragments of 190 and 258 bp (lanes 10 and 11) whilst T4 DNA polymerase filled in and removed the 5' and 3' overhangs of a 219 bp BamHI ± PvuI pBS fragment respectively (lanes 14 and 15). A 448 bp PvuII pBS fragment was not detected by LMPCR after treatment with calf intestinal phosphatase (compare lanes 16 and 17) but subsequent treatment with T4 polynucleotide kinase which re-phosphorylated 5' hydroxyl groups, restored its amplification (lane 12). Figure 3 Semi-quantitative LMPCR analysis of nucleosomal ladder production correlates with apoptotic cell death. (a) Dexamethasone treatment of the thymus induced apoptosis and nucleosomal ladder production, which was readily detectable following gel electrophoresis and ethidium bromide staining of purified genomic DNA (1 mg ± lane 2). LMPCR using blunt-end linkers amplified nucleosomal ladder fragments from dexamethasone-treated thymic DNA (150 ng per 100 ml PCR reaction ± one-tenth reaction volume analyzed by gel electrophoresis) after just 18 cycles of PCR (lane 3; the slight increase in fragment size is due to the presence of linkers). In contrast, no ladders were detected from LMPCR analysis of untreated thymic DNA after only 18 cycles (lane 4). An additional 10 PCR cycles were required to see equivalent ladder amplification (lane 5). (Dex, dexamethasone-treated thymic DNA; Con, control (untreated) thymic DNA; 18, 18 PCR cycles; 28, 28 PCR cycles) (b) ISEL+ detection of fragmented DNA reveals many more dying cells in a section of dexamethasone-treated thymus when compared to the untreated control (c) (Calibration bar=40 mm). (d) LMPCR detects nucleosomal ladders following UV irradiation of P19 cells after 24 cycles of PCR (lane 10), whereas ladders are barely detected following LMPCR analysis of DNA from untreated cells (lane 11). Lanes 1 and 9 contain BstEII digested l phage DNA as a molecular weight marker (MW). A control PCR assay for the single-copy mouse en-2 gene, confirmed that equivalent amounts of DNA (150 ng per 100 ml PCR degrees of cell turnover. None of these tissues underwent experimental or pharmacological manipulation prior to purification of genomic DNA. The intestine showed the most nucleosomal ladder production, since after only 22 cycles of PCR nucleosomal ladders were greatly amplified from intestinal DNA but not detectable in DNA from other tissues (Figure 4a ). After an additional four cycles nucleosomal ladders became detectable in all other DNA samples although at very low levels in the adult brain (Figure 4b ).
LMPCR reveals nucleosomal DNA fragmentation during insect development
To determine whether nucleosomal ladder production also accompanies developmentally regulated cell death in insects, two well established insect models of PCD were examined by LMPCR. Genomic DNA was collected from stage 12 Drosophila melanogaster embryos (Abrams et al, 1993; Steller and Gretner, 1994) and from the intersegmental muscles of Manduca sexta (tobacco hawk moth); (Schwartz et al, 1993) . Subsequent LMPCR analysis revealed the presence of nucleosomal DNA fragmentation in both examples of insect PCD (Figure 5 ), indicating that this feature is also characteristic of apoptosis in invertebrates.
LMPCR reveals relative differences in nucleosomal DNA fragmentation during mammalian CNS development
LMPCR was used to analyze genomic DNA from the developing mouse brain in regions previously reported to undergo PCD. These included the cerebral cortex of a P7 mouse brain, and the cerebellum at P5, since earlier studies of postnatal CNS development have determined that the peak of cell death occurs in these regions at these time points (Finlay and Slattery, 1983; Ferrer et al, 1992; Wood et al, 1993) . For comparison, genomic DNA was also isolated from the brains of E14 embryos and adult mice. As expected, nucleosomal ladders were detected by LMPCR analysis of the P5 cerebellum and the P7 cortex (Figure 6 ± lanes 4 and 5), and were absent in the adult CNS ( Figure 6  ± lane 3) . Surprisingly, nucleosomal ladder fragments were also amplified from genomic DNA derived from E14 brains, at levels comparable to those observed in the postnatal cerebellum, cortex and thymus. These results indicate the operation of mechanisms characteristic of apoptosis in the developing forebrain and further suggest that CNS cell death may not only occur here during the postnatal period, but may also be of earlier significance in the embryo. Figure 4 LMPCR analysis of nucleosomal ladder production in adult mouse tissues. (a) Following blunt-end linker ligation, nucleosomal ladders were detected in DNA from adult intestine after 22 cycles of PCR (lane 6), which correlates with the very high rate of cell turnover in the intestinal epithelium (Cotran et al, 1989) . Ladders were barely detectable in DNA from other tissues after this number of PCR cycles. (b) After an additional 4 PCR cycles, nucleosomal ladders were also detected in thymus, spleen, liver, kidney, ovary and testes (lanes 11, 12, 13, 14, 16 and 17 respectively). Ladders were barely detectable in adult brain after 26 cycles of PCR (lane 18), which correlates with the limited amount of CNS cell turnover restricted primarily to the glial cell population. A control PCR assay for the en-2 gene, confirmed that equivalent amounts of DNA (150 ng per 100 ml PCR reaction) were analyzed by LMPCR (lanes 19 ± 26). Lane 1 contains BstEII digested l phage DNA as a molecular weight marker (MW). reaction) were analyzed by LMPCR (control PCR carried out at cycle number prior to saturation ± lanes 6, 7, 8, 12 and 13) . (e) Linear amplification of blunt, 5' phosphorylated DNA fragments by LMPCR. Quantification of a blunt-end pBS fragment after 24 cycles of PCR, showed linear amplification following addition of 0.02 ± 5 ng of plasmid DNA to ligation reactions. Each data point represents an average of three independent LMPCR experiments (described in Materials and Methods). These results indicate that within the exponential range of PCR cycle number, there is a linear relationship between the amount of DNA added to the blunt-end linker ligation reaction and the number of blunt end fragments amplified by PCR. Hence, quantitative differences in nucleosomal ladder amplification by LMPCR (as shown in a and b) directly correlate with the number of ladder fragments present in each DNA sample.
Discussion
Although apoptosis appears to be a common feature of most, if not all developing multicellular systems, a biochemical marker for apoptotic cell death, namely nucleosomal ladders, has not been observed uniformly in all tissues of all organisms. The reason for this appears to be an issue of sensitivity, based on the results of the LMPCR studies presented here. LMPCR specifically amplifies DNA fragments derived from apoptotic cells, since at low PCR cycle number (18 cycles) nucleosomal ladders cannot be detected in normal thymic tissue, in contrast to massive amplification from a dexamethasone treated thymus after the same number of cycles of PCR. Similarly, nucleosomal ladders are barely detected in untreated P19 cells, while UV irradiation results in considerable LMPCR nucleosomal ladder amplification after 24 cycles of PCR. In addition, LMPCR amplification of ladders is always observed in all tissues in which apoptosis is known to occur. The sensitivity of the technique is emphasized by its ability to detect apoptotic DNA fragmentation even when the number of dying cells constitutes a small percentage of the total cell population, as in normal adult tissue turnover. More significantly, the combined sensitivity and specificity of the LMPCR technique has enabled the detection of apoptotic mechanisms in developing organisms and tissues where nucleosomal ladders or apoptosis had not been previously described.
In the normal thymus, LMPCR detects nucleosomal ladders whereas other DNA detection methods reveal a smear of many-sized fragments. In this well-accepted model of apoptotic cell death, over 95% of cells undergo apoptosis (Shortman et al, 1990) , but the asynchronous nature of their death results in relatively few cells actively cleaving their DNA at any one time. Using standard Figure 6 LMPCR analysis of nucleosomal ladder production in the developing mammalian CNS. Following blunt-end linker ligation nucleosomal ladders were amplified from genomic DNA derived from P7 cortex and P5 cerebellum (lanes 4 and 5) corresponding to previously reported peaks of cell death in the postnatal brain. Few nucleosomal ladders were amplified from adult brain genomic DNA (lane 3) where there is no evidence for significant loss of cells (Finlay and Slattery, 1983; Ferrer et al, 1992; Wood et al, 1993) . Surprisingly, a comparable level of nucleosomal ladders was amplified from the forebrain of an E14 mouse (lane 6), where previously cell death has not been described. All samples are shown after 26 cycles of PCR. LMPCR analysis of adult mouse thymic genomic DNA is shown for comparison (lane 2). These results suggest that apoptotic mechanisms begin to operate during the fetal development of the mammalian brain, and are then extended into postnatal development. The spatial distribution of this cell death was recently demonstrated by an in situ end labeling technique (ISEL+) (Blaschke et al, 1996) . Lane 1 contains BstEII digested l phage DNA as a molecular weight marker (MW).
Figure 5 LMPCR analysis of DNA fragmentation accompanying cell death in insects. Following linker ligation and PCR, nucleosomal ladders were amplified from genomic DNA isolated from stage 12 Drosophila melanogaster embryos (lane 2 ± 26 cycles), where extensive cell death has been previously classified as apoptotic according to morphological criteria (Abrams, 1993; Steller, 1994) . Nucleosomal ladders were also detected by LMPCR analysis of genomic DNA from the ISM of day 18 Manduca sexta where cell death results muscle loss following eclosion (lane 3 ± 18 cycles). These results contrast with previous lack of evidence for DNA fragmentation in the ISM (Schwartz et al, 1993) and suggest that mechanisms characteristic of apoptosis may indeed determine cell loss in the degenerating ISM. Lane 1 contains BstEII digested l phage DNA as a molecular weight marker (MW). methods, such 3' end labeling and gel electrophoresis followed by ethidium bromide staining (Tilly, 1991; Tilly and Hseuh, 1993; Blaschke, 1996) , the initial products of DNA fragmentation, the nucleosomal ladders, are difficult to distinguish from intermediate-sized fragments derived from further degradation of DNA. The fact that LMPCR is able to detect ladders in thymic DNA therefore indicates that LMPCR selectively amplifies an initial product of DNA cleavage. In this regard LMPCR provides`specificity' combined with increased sensitivity, of considerable advantage over other methods of detecting DNA fragmentation. Pre-treatment of thymic DNA with various enzymes to alter the state of the DNA ends slightly increased subsequent nucleosomal ladder amplification only in the case of T4 DNA polymerase, which creates blunt ends from both 5' and 3' overhangs. Hence, a proportion of nucleosomal DNA fragments do appear to have non-blunt ends. For this reason, ladders can be detected by methods based on end-labeling with Klenow as described in Rosl (1992) . However, since T4 polymerase treatment results in detection of nucleosomal ladders only 1 ± 2 cycles earlier than a non-treated control, it would seem that the majority of fragments in fact are blunt and 5' phosphorylated. Therefore, an early and stable event during nucleosomal DNA fragmentation appears to be the generation of blunt, 5' phosphorylated double strand breaks. Little is known about the endonuclease(s) responsible for ladder production besides its dependence on pH and the presence of Ca 2+ or Mg 2+ ions in mammals (Cohen and Duke, 1984; Arends et al, 1990) . Several candidate nucleases have been proposed, including DNase I (Ucker et al, 1992; Peitsch et al, 1993) , DNase II (Barry and Eastman, 1993) and Nuc 18 (Caron-Leslie et al, 1991); hence, identifying enzymes which produce DNA fragments with blunt, 5' phosphorylated ends may help to discern the nucleases that have a physiological role. We note that the only endonuclease activity shown to generate these types of DNA ends in vivo is the V(D)J recombinase encoded in part by RAG-1 and RAG-2 (Schlissel et al, 1993) which could conceivably participate in ladder production in the thymus, and perhaps the CNS where RAG-1 is expressed (Chun et al, 1991) .
Nucleosomal DNA fragmentation can be detected by LMPCR in a range of tissues from the adult mouse, where apoptosis is thought to counterbalance cell proliferation and maintain tissue size (Kerr et al, 1972) , but where nucleosomal ladders have not been previously described. DNA fragmentation may have previously fallen below the threshold of standard methods of detection, since dying cells need only form a small percentage of total tissue mass (an estimated 2 ± 3%) to obtain substantial daily regression of tissue (Bursch et al, 1990) . It is likely that the nucleosomal ladders observed with LMPCR are derived from apoptotic cell death accompanying homeostatic regulation (Hinsull and Bellamy, 1981) since none of the tissues examined underwent experimental manipulation prior to isolation of DNA. More nucleosomal-sized fragments were detected in tissues undergoing rapid cell turnover, such as the intestine, than in tissues with slow cell turnover, such as the brain (Gavrieli et al, 1992) . These results highlight the sensitivity of the LMPCR technique in being able to detect DNA fragmentation when only few cells in a given population are dying. By comparison, other reports of sensitive methods of ladder detection are able to detect fragmentation in few cells (i.e.: with a small amount of starting material) when the entire cell population is dying in synchrony, as for example in atretic ovarian follicles (Tilly et al, 1991 and Hsueh, 1993; Piquette et al, 1994) . The limits of detection of the LMPCR technique have not been established, but by increasing the number of PCR cycles it remains formally possible to amplify ladders from very small amounts of DNA, even to analyze DNA fragmentation in a single cell. In this way LMPCR may provide by far the most sensitive means of ladder detection; moreover, analysis of this kind may answer the question as to whether ladder production actually occurs within the cell undergoing apoptosis as opposed to phagocytes, and help determine whether nucleosomal fragmentation is a necessary and/or sufficient step in the cell death process.
Through LMPCR analysis, nucleosomal ladder production has been demonstrated in stage 12 Drosophila melanogaster embryos, where histological analysis reveals widespread apoptotic cell death (Abrams et al, 1993; Steller and Grether, 1994) . Consistent with this result, is the observation that ladders are also amplified from the ISM of day 17 ± 18 Manduca sexta. The ISM are present in both larval and pupal stages, but are rapidly removed around the time of emergence (day 18) since they are no longer required in the adult (Schwartz and Truman, 1983) . Previous studies identified morphological changes in dying ISM cells distinct from those observed in the thymic model of apoptotic cell death, which, in conjunction with the apparent absence of nucleosomal ladders, was interpreted as evidence for an alternate mechanism of PCD (Schwartz et al, 1993) . However, the demonstration of nucleosomal ladders using LMPCR, suggests that the death of ISM in fact does involve some features characteristic of apoptosis, at least involving a final common pathway for degrading DNA. LMPCR has thus provided the first demonstration of internucleosomal DNA cleavage during invertebrate cell death, suggesting that mechanisms of DNA fragmentation are evolutionarily conserved. A phylogenetic study using LMPCR to examine DNA degradation accompanying cell death in simpler organisms will determine the extent of this conservation.
The detection of nucleosomal ladders following LMPCR analysis of the developing CNS revealed the operation of apoptotic mechanisms where previously cell death had not been thought to occur. PCD has been described in the postnatal cortex, where cell loss determines local features of neocortical differentiation (Finlay and Slattery, 1983; Ferrer et al, 1992 Ferrer et al, , 1994 , as well as in the postnatal cerebellum, where cell loss is involved in establishing appropriate matching of neurons to targets (Wood et al, 1993) . As expected, LMPCR analysis of P7 cerebral cortex and P5 cerebellum revealed that this developmentally regulated cell death is indeed accompanied by apoptotic nucleosomal DNA fragmentation. Similarly, few nucleosomal ladder fragments were amplified from adult brain DNA, in accordance with lack of evidence for apoptotic cell death. Surprisingly, LMPCR analysis of genomic DNA from E14 forebrain showed significant amplification of nucleosomal ladders, where apoptosis has not been previously described. These results are consistent with the operation of extensive cell death in the mammalian forebrain during the prenatal period, suggesting a role for apoptosis in regulating the development of the embryonic CNS, in concordance with our recent report (Blaschke et al, 1996) .
The LMPCR technique provides a new sensitive and specific means for identifying the characteristic DNA fragmentation associated with apoptosis, particularly under physiological conditions in vivo. Future use of LMPCR analysis may help to shed light on the nature of the endonuclease/s responsible for generating nucleosomal ladders and aid the investigation of the prevalence of apoptotic mechanisms accompanying PCD; previous examples of cell death thought to proceed in the absence of ladder production, would particularly merit further examination using this approach. The results presented here also demonstrate that nucleosomal DNA fragments are generated with blunt, 5' phosphorylated ends in organisms as diverse as insects and mammals. Hence, it appears that apoptotic DNA degradation may be a universal feature of PCD in multicellular organisms and furthermore that the mechanisms responsible for ladder production may be phylogenetically conserved.
Materials and Methods

DNA isolation
Genomic DNA for examination by LMPCR was isolated from representative tissue samples from adult BALB/c mice (n=26), postnatal mice on postnatal days 5 and 7 (P5 and P7) (n=8 on each day) and embryonic day 14 (E14) embryos (n=20). Tissue samples included thymus, spleen, liver, kidney, intestine, ovaries, testes and brain which were rapidly dissected and immediately frozen in liquid nitrogen. The tissue was crushed before resuspension in digestion buffer (75 mM NaCl, 10 mM Tris-HCl pH 8.0, 25 mM EDTA, 1% SDS) and treatment with proteinase K (0.4 mg/ml) for 12 ± 16 h at 508C. The cerebral cortices dissected from the brains of embryonic mice on E10, E12, E14, E16, E18 (n=6 ± 8) were immediately placed in digestion buffer and similarly treated with proteinase K. After phenol/chloroform and chloroform extractions, the DNA was ethanol precipitated with 0.3 M sodium acetate, recovered by spooling (DNA pelleted by centrifugation produced identical LMPCR results), washed in 70% ethanol, air dried and resuspended in TE (10 mM Tris-HCl, 1 mM EDTA, pH 8.0). DNA was extracted from insect tissue samples using an identical procedure after the following tissue preparation: Drosophila melanogaster ± whole, stage 12 embryos were treated with bleach to remove chitinous exoskeleton (Kamakaka et al, 1991) ; Manduca sexta ± intersegmental muscles (ISM) were dissected from day 17 ± 18 moths (staged as described in Schwartz and Truman, 1983) . At least three independent samples of DNA were obtained from each tissue and analyzed by gel electrophoresis, to confirm that the DNA had not be degraded during preparation (data not shown). DNA samples were quantified fluorimetrically (Hoefer Scientific Instruments, San Francisco).
Dexamethasone treatment
Four, 18 day old mice were injected intraperitoneally with 5 mg/kg dexamethasone (Sigma Chemical Co., St. Louis) in 10% ethanol in saline, and their thymuses removed 8 h later. Thymuses were also removed from four age-matched control animals 8 h after injection with 10% ethanol in saline. Genomic DNA was extracted as described above.
Irradiation of P19 cells
2.5610
5 P19 cells (Rudnicki and McBurney, 1987) were plated in 90 mm plates in medium (Opti-MEM I (Gibco) supplemented with 5% fetal calf serum, 20 mM glucose, 55 mM b-mercaptoethanol, and 1% penicillin-streptomycin), and incubated at 378C for 24 h. Before UV irradiation, the medium was removed from experimental and control plates and the cells washed in pre-warmed PBS. After UV irradiation (80 J/m 2 in GS Genelinker; BioRad), 2 ml of prewarmed medium was added and the plates returned to the incubator. After 10 h, the cells were scraped into 2 ml of culture medium, and equal volume of two6digestion buffer added. After overnight incubation at 558C, the DNA was phenol/chloroform extracted and ethanol precipitated.
Ligation-mediated PCR
Genomic DNA (1.0 mg) was mixed with 1 nmol each of 24 bp and 12 bp unphosphorylated oligonucleotides in 60 ml of T4 DNA ligasive buffer (Boehringer Mannheim, Indianapolis). Oligonucleotides were annealed by heating to 558C for 10 min, allowing the mixture to cool to 108C over 55 mim, and incubating the reaction at 108C for 10 min. 3U of T4 DNA ligase (Boehringer Mannheim) were added and ligations incubated at 168C for 12 ± 16 h. The reactions were then diluted with TE to a final concentration of 5 ng/ml. Samples were stored at 7208C until PCR. The sequences of blunt-end linkers used to amplify nucleosomal ladders were 24 bp: 5'-AGCACTCTCGAGCCTCT-CACCGCA-3' and 12 bp: 5'-TGCGGTGAGAGG-3'. Other linkers with BglII, HindIII and BamHI compatible ends used in preliminary studies have been described in Lisitsyn et al (1993) . These never amplified DNA fragments from normal thymic DNA. Ligated DNA (150 ng) was used in a PCR assay (100 ml volume) containing 124 pmol of the 24 bp linker primer, 67 mM Tris-HCl pH 8.8, 2 mM MgCl 2 , 16 mM (NH 4 ) 2 SO 4 10 mM b-mercaptoethanol, 100 mg/ml BSA, 320 mM (each) dATP, dCTP, dTTP and overlaid with mineral oil. The tubes were heated to 728C for 3 min, 5U of Taq polymerase (Gibco, Bethesda) added per 100 ml reaction, and 5' protruding ends of the ligated adapters filled in by incubation at 728C for an additional 5 min. Samples were amplified for 20 ± 30 cycles of 1 min at 948C and 3 min at 728C. As an internal control, normal thymic DNA was ligated to blunt-end linkers and analyzed after a standard number of PCR cycles. PCR products (15 ml) were analyzed by electrophoresis through 1.2% agarose gels equilibrated in 45 mM Tris-borate, 1 mM EDTA buffer pH 8.0. After electrophoresis for 2 h at 6 V/cm, gels were stained by ethidium bromide and photographed on a UV transilluminator. DNA from agarose gels was transferred in 0.4 M NaOH to GeneScreen Plus nylon membranes (DuPont NEN, Boston). The filter was neutralized in 0.1 M Tris-HCl pH 7.5, 26SSC and UV crosslinked, before hybridizing overnight at 658C with random primed 32 P-labeled EcoRI digested genomic DNA under high stringency.
Control PCR for en-2: Identical amounts of ligated DNA (150 ng) were used in 100 ml PCR (buffer as described above except for the presence 4 mM MgCl 2 ; 50 mM each dNTP; 100 pmol of each oligonucleotide 5'-AGGACAAGCGGCCTCGCACA-3' and 5'-CGGTGTCCGACTTGCC-CTC-3' and 2.5 U Taq polymerase). The samples were amplified for 26 cycles of PCR; 1 min at 948C, 1 min at 708C and 1 min at 728C. Analysis of standard amounts of DNA (50 ± 150 ng) confirmed linear amplification of the 270 bp en-2 fragment at this cycle number (data not shown).
Quantitative analysis of LMPCR: A blunt, 424 bp PvuII fragment of pBS was serially diluted to obtain a range of concentrations, 5 ± 0.02 ng/ml and 1 ml of each dilution added to standard LMPCR ligation reactions containing liver genomic DNA (2.5 mg) to approximate actual LMPCR conditions. After blunt-end linker ligation and 24 cycles of PCR (mid-range in cycle number), 15 ml of the 100 ml PCR reaction were gelelectrophoresed, transferred to nylon GeneScreen Plus membrane as described above, and hybridized to 32 P-labeled pBS under stringent conditions. After washing, the hybridization signal was quantified by phosphorescence imaging (Bio-Rad, Hercules).
Enzyme treatments: Thymic genomic DNA (2.5 mg) was treated with either Klenow enzyme (50 mM Tris-HCl pH 7.5, 10 mM MgCl 2 , 1 mM DTT, 50 mg/ml BSA, 20 mM (each) dATP, dCTP, dGTP, dTTP, 2 U enzyme; 30 min at 378C); T4 DNA polymerase (50 mM Tris-HCl pH 7.5, 5 mM MgCl 2 , 5 mM DTT, 50 mg/ml BSA, 300 mM (each) dATP, dCTP, dGTP, dTTP, 2 U enzyme; 20 min at 378C) or T4 polynucleotide kinase (50 mM Tris-HCl pH 7.5, 5 mM MgCl 2 , 5 mM DTT, 50 mg/ml BSA, 1 mM ATP, 10 U enzyme, 1 h at 378C), (all enzymes from Boehringer Mannheim, Indianapolis). Parallel control reactions omitted enzyme. Enzymes were removed by phenol/chloroform extraction and the DNA purified by ethanol precipitation in the presence of 10 mg tRNA as carrier. The DNA precipitate was resuspended in TE, ligated to the blunt-end linker and subjected to PCR as previously described. A comparison was then made between amplification of nucleosomal ladders in enzymetreated DNA and non-treated controls. Under parallel conditions, Klenow enzyme was shown to fill in the 5' overhang on a PvuII ± BamHI pBS fragment and T4 DNA polymerase to fill in and remove the 5' and 3' overhangs of a BamHI ± PvuI pBS fragment respectively. A PvuII pBS fragment was not detected by LMPCR after treatment with calf intestinal phosphatase, but subsequent treatment with T4 polynucleotide kinase which re-phosphorylated 5' hydroxyl groups, restored its amplification (Figure 2b) .
Terminal deoxynucleotidyl transferase (TdT)-labeled tissue analysis: Sections from an adult mouse thymus were prepared and analyzed by ISEL+ using 32 P-labeled nucleotide, as described in Blaschke et al (1996) . The tissue section was scraped from the slide and DNA isolated using the standard procedure described above. Alternatively, DNA extracted from thymic tissue was 3' end labeled with TdT using a similar procedure (Blaschke et al, 1996) . The labeled DNA was gel electrophoresed, the gel dried and exposed to autoradiographic film.
